This paper presents a study to estimate the composition of an electric load, i.e. to determine the amount of each load class by the direct measurements of the total electric current waveform from instrument reading. Kalman filter algorithm is applied to estimate the electric load composition on a consumer side of a distributed power system. The electric load supplied from the different voltage level by using a non-ideal delta-wye transformer is also studied with consideration of the practical environment for a distributed power system. key words: electric load composition, Kalman filter, non-ideal transformer modeling, power quality, distributed power system
Introduction
Several electric load types such as lighting, motors, and computers on a consumer side have the specific characteristic, which can distort the electric currents, when the system is supplied from a sinusoidal voltage waveform. Due to such power quality problem, these nonlinear loads can make total power system unstable and unreliable without any compensation followed by the precise estimation of each load composition rate.
In particular, the increased utilization of powerelectronic devices aggravates the distortion of voltage or current waveforms. The information about the load composition rate can help projecting the total electric current waveforms and the total harmonic distortion (THD) by using the IEEE standards reported in [1] and [2] .
As the power systems are getting bigger and more complicated recently, it becomes harder to analyze the stability of power system operations. Some load modeling methods for the load flow studies have been used to calculate the stability of power systems. In the process of power system modeling, it is necessary to estimate the load composition exactly on each load bus of power system. Through various studies, it is reported in [3] that the chosen load model can change the stability limit of a tie line by more than fifty percents.
Therefore, the accurate load modeling for the estima- tion of electric load composition is very important with regard to power quality and power system stability issues. And, this modeling method also can play a significant role on the further investigations such as the load forecasting, load flow analysis, voltage stability analysis, and power system automatic generation control, etc.
[4]- [8] .
In this paper, the estimation problem of electric load composition on a consumer side is formulated with the given load models at a service entrance in Sect. 2. Thereafter, the Kalman filter algorithm is introduced to solve the estimation problem in Sect. 3. Then, the electric load supplied from the different level of voltage through a non-ideal delta-wye transformer is considered in Sect. 4. The time-domain simulation results are given in Sect. 5. Finally, the conclusions are described in Sect. 6.
Problem Formulation
In many practical situations, the composition of the load is not known. In such cases, the electric load composition may be deduced from the known current waveforms (i 1 , i 2 , . . . , i n−1 , i n ) of the individual load components when the system is energized by the sinusoidal voltage as shown in Fig. 1 . Assume that the total electric load current at a service entrance in Fig. 1 is measured and indicates the follow- Fig. 1 One-line diagram of a simplified power distribution system with electric loads supplied from two different voltage levels. The fundamental frequency in (1) is 60 Hz, and the line-to-line voltage at the service entrance is 480 V (used as peak value) nominal and sinusoidal. The waveform of the total electric load current i(t) in (1) during one period T of the fundamental is shown in Fig. 2 . The number of data samples is 16667. This sampling frequency is high enough to satisfy the Nyquist theorem with respect to the other frequency components (third, fifth, and seventh harmonics) as well as the fundamental.
When the load is supplied from the sinusoidal voltage, the typical load classes of the total current i(t) are given in Table 1 and shown in Fig. 3 . These load classes consist of the load types of incandescent lighting, fluorescent lighting, computers, and motor drives, which are denoted by the subscripts i, f , c, and m, respectively. It is assumed that the incandescent and fluorescent lighting loads are connected with the feeder through the delta-wye transformer in Fig. 1 . Also, the substation in Fig. 1 supplies power to the other loads, which are the computers and motor drives, directly through the feeder. The current waveforms of the incandescent and fluorescent lighting are measured in the secondary side of the delta-wye transformer in Fig. 1 from instrument readings.
With the typical load classes given in Table 1 , the total electric load current i(t) in (1) is represented as:
where the coefficients k 1 , k 2 , k 3 , and k 4 are the unknown coefficients. Each coefficient means the actual rate of the electric load composition for the corresponding load. Therefore, the final objective of this work is to determine these coefficients efficiently and exactly by using the Kalman filter algorithm, which is described in the next section. Thereafter, the computation of the real power, apparent power, distortion power, and power factor, etc. can be obtained in the straightforward manner [9] . In the meanwhile, the mathematical modeling of the non-ideal transformer is described in Sect. 4, where the Kalman filter algorithm [9] is applied to the more realistic circumstance with the non-ideal characteristic, as a main contribution of this paper. There has been no research work to the knowledge of the authors in using the Kalman filter for the estimation of electric load composition with non-ideal transformer modeling.
Kalman Filter Algorithm and Application
The load composition problem might be solved by the system equation, which is obtained through the modeling of a power distribution system. This system equation is formed as a linear equation, A · x = b. Then, the solution vector x, which has the coefficients k 1 to k 4 in (2), can be solved with the direct method such as Gaussian Elimination method or the iterative methods such as the steepest descent and the conjugate gradient method [9] - [14] . By applying the Kalman filter algorithm in this study, it is possible to avoid modeling of the system equation in above. Therefore, it makes the estimation procedure simple without regards to whether the electric loads have linear or non-linear forms.
Estimation by Kalman Filter Algorithm
The Kalman filter algorithm has the smoothing properties and the noise rejection capability robust to the process and measurement noises. In practical environments (in which the states are driven by a process noise and observation is made in the presence of a measurement noise), the estimation problem for the electric load composition can be formulated with a linear time-varying state equation. In such case, the Kalman filter algorithm [11] , [13] is preferably used. In this study, the state model applied to the estimation is given as:
, and c (∈ R 1×n ) are known deterministic variables. Φ connects the states at the time step, n to those at the next time step, n+1. This matrix might be changed in every time step. Here, a constant n×n identity matrix (∈ I n×n ) is used for Φ in this study; Γ relates to the optional control input ω (∈ R m×1 ), which is the process noise vector at the time step n; c is the load current vector (
t to be determined; z is the total current measurement i in (1), and v is stationary measurement noise. Then, the estimate of the state vector is updated by using the following steps.
Kalman Filter Algorithm
• Measurement update: Acquire z(n) and compute a posteriori quantities:
where k (∈ R n×1 ) is the Kalman gain, and P is a positivedefinite symmetric matrix, and r is a positive number. Usually, P ¬ (0) is given as P ¬ (0) = λI (λ > 0), where I is an identity matrix.
• Time update: Compute a priori quantities for time n + 1:
where Q (∈ R m×m ) is a positive-definite matrix.
• Time increment: Increment n and repeat.
Thereafter, the estimated output is calculated as:
3.2 Evaluation of Performance Figure 4 shows the process to apply the above Kalman filter algorithm and error calculation to evaluate its performance. In the beginning, the Kalman filter algorithm is applied during the same number of iteration as the sampling number of data. After the last iteration, this algorithm does not have the information to evaluate its own performance on-line. Therefore, the root-mean-square error (RMSE) and meanabsolute-percentage error (MAPE) in (7) are computed to evaluate the performance of estimation with the measurement of actual current waveform y in (3) . If the performance is not satisfied according to the user-defined values, the optimization process based on the Kalman filter algorithm is repeated with the increased number of iteration. The RMSE uses the absolute deviation of the estimated quantity from the actual quantity. Due to squaring, the RMSE gives the more weight to large errors than smaller ones. The MAPE is, on the other hand, dimensionless and thus can be used to compare the accuracy of the model on different series [10] .
where y m andŷ m are the actual and predicted values, respectively, and n represents the number of predicted points. Fig. 4 Process to apply the Kalman filter algorithm and error calculation to evaluate the performance.
To solve estimation problem for the electric load composition, a neural network might be considered as an alternate method. However, as already known well, it is not useful tool to deal with the noise problem, which is more realistic in practice. Also, the load composition rate determined by the neural network can be varied depending on its initial weights. Therefore, it is not guaranteed that it can always give the exact solution for the given parametermatching (such as the load composition rate in this case) problem. Training procedure, its training time, and amount of calculation in real-time are still open questions.
Electric Loads Supplied from a Non-ideal Transformer
Various electric loads may be supplied from different voltage levels by using transformers in a practical power system. This is illustrated in Fig. 1 , which shows a simplified power distribution system with two load-groups supplied from two different voltage levels. As mentioned in Sect. 2, it is assumed in this study that two lightings (incandescent and fluorescent lightings) in Table 1 are supplied through the delta-wye (∆-Y), 480 V/280 V step-down transformer. This transformation alters the phase relationship and the harmonic content of the currents on the primary of the transformer and therefore at the service entrance. Figure 5 shows that both the primary and secondary windings are connected in a delta-wye (∆-Y), 480 V/280 V three-phase transformer at the service entrance. Note that the non-ideal three-phase delta-wye transformer in Fig. 5 with Y = 0.5e j60
• is used.
Its modeling can be derived from the proper interconnection of the non-ideal single-phase transformer. For simplicity, it is assumed that each single-phase transformer is represented with its simplified model. Then, the voltage and current relationships of the nonideal three-phase transformer in Fig. 5 are given as 
where a (= 280/480) is the effective turns-ratio of transformer.
By using (8) , the input/output relationship of the voltages and currents can be written in matrix notation as the following
The input/output Eq. (9) can be represented in compact matrix as
where I is 3 × 3 identity matrix, and the matrices E and F are
Three-phase transformers are inherently symmetric three-phase elements. This means that by applying the symmetrical transformation, their model can be transformed to three equivalent circuits, namely the positive, negative and zero sequence equivalent circuits. Thereafter, the phase voltages and currents are substituted with their corresponding symmetrical components as follows.
120 (12) where T is the transformation matrix given as
where α is e j120
• .
Replacing the phase quantities with symmetrical components, which are positive, negative and zero sequence values, Eq. (10) becomes
By the direct evaluation, the four sub-matrices in (14) can be expressed by
Now, the six equations into three groups of two are obtained as
The method of symmetrical components is based on a linear transformation of the system voltages and currents. This transformation converts the problem of solving a full three-phase system problem in (9) into solving three uncoupled single-phase system problems in (16). This analysis starts from the assumption of symmetric three-phase systems. Since most practical three-phase power system elements are nearly symmetric, this assumption generates a small error. In most applications, this error is reasonably acceptable.
Simulation Results
When the electric loads are supplied from the voltages with different levels through the transformer in Fig. 1 , the current waveforms of the incandescent and fluorescent lightings in Table 1 are re-computed by using (16), and four types of load currents are shown in Fig. 6 . As mentioned before, the phase relationship (phase shifts) and the magnitude (harmonic contents) of the incandescent and fluorescent lightings are altered through the transformer action when compared with those in Fig. 3 .
After applying the Kalman filter algorithm for the estimation of load composition in the consumer side of the distributed power system, the estimated final coefficient vectorx(n) of [0.0185, 0.0731, 0.6888, 0.2677] t (normalized) is obtained. The corresponding variations of the estimated values inx(n) during iterations are shown in Fig. 7 . Also, the Fig. 6 Current waveforms in typical load classes during one period T when the non-ideal delta-wye transformer is used at the consumer side.
result in Fig. 8 shows that the very good agreement is obtained between the measured waveform and that estimated by the Kalman filter algorithm. Finally, the values of RMSE and MAPE in (7) with respect to the normalized actual total current are 0.0167 and 0.0429%, respectively, which are reasonably accepted.
After estimating the electric load composition for the given loads, the real power (P), apparent power (S a ), and distortion power (D) for the each load are computed by using (17).
where N is the number of samples obtained during the one period T , and k denotes the each load class (i, f , c, m), which corresponds to the coefficient of total electric load composition. Also, Q B,k is the fundamental reactive power. The values of these quantities for each load type in Table 1 are given in Fig. 9 . It is clearly shown from Fig. 9 that the computers among the different four types of loads have the worst effect on the system by increasing power quality problem with the highest value of distortion power. The Kalman filter algorithm used for the estimation of the total current measurement shows the good performance even when the voltages with different levels by the non-ideal transformer are supplied to the electric loads. The above procedure can be also applied to the different types of nonideal three-phase transformer models for the other connections, i.e. delta-delta, wye-wye, and wye-delta connections.
Conclusions
This paper presented the study to estimate the composition of an electric load, i.e. to determine the amount of each load class by direct measurements of the total electric current waveform at the service entrance in a power distribution system. Devices commonly used in a consumer side, which are incandescent lighting, fluorescent lighting, computers, and motor drives, were chosen as representatives of the electric load types. To solve the estimation problem of the electric load composition, the Kalman filter algorithm was introduced. In particular, this algorithm can be preferably used in practice for the time-varying estimation problem, which is characterized with the states driven by a process noise and observations open to a measurement noise.
Thereafter, the electric loads supplied from the different level of voltage by the practical non-ideal delta-wye transformer were considered. The simulation results showed that the transformer changes the phase relationship and magnitude in harmonic contents of the loads, and therefore causes the changes of the load composition. Meanwhile, the Kalman filter algorithm has been successfully applied to estimate the electric load composition in the presence of the practical transformer. The studies to expand the proposed estimation method to a large-scale multi-bus system and to incorporate the given harmonic load model into a standard load-flow program are being investigated.
